Intermolecular electronic coupling dictates the optical properties of molecular aggregate systems. Of particular interest are photosynthetic pigment-protein complexes that absorb sunlight then efficiently direct energy toward the photosynthetic reaction center. Two-dimensional (2D) ultrafast spectroscopy has been used widely in the infrared (IR) and increasingly in the visible to probe excitonic couplings and observe dynamics, but the off-diagonal spectral signatures of coupling are often obscured by broad diagonal peaks, especially in the visible regime. Rotating the polarizations of the laser pulses exciting the sample can highlight certain spectral features, and the use of polarized pulse sequences to elucidate cross-peaks in 2D spectra has been demonstrated in the IR for vibrational transitions. Here we develop 2D electronic spectroscopy using cross-peak-specific pulse polarization conditions in an investigation of the Fenna-Matthews-Olson light harvesting complex from green photosynthetic bacteria. Our measurements successfully highlight off-diagonal features of the 2D spectra and, in combination with an analysis based on the signs of features arising from particular energy level pathways and theoretical simulation, we characterize the dominant response pathways responsible for the spectral features. Cross-peak-specific 2D electronic spectroscopy provides insight into the interchromophore couplings, as well as into the energetic pathways giving rise to the signal. With femtosecond resolution, we also observe dynamical processes that depend on these couplings and interactions with the protein environment.
T wo-dimensional (2D) ultrafast Fourier transform electronic spectroscopy (1) (2) (3) provides an incisive tool to study energy transfer among excitons and electronic couplings between chromophores (4) (5) (6) . Photosynthetic light-harvesting complexes depend on precisely these couplings to govern their function; by modulating couplings among chlorophyll and bacteriochlorophyll (BChl) molecules, nature has created from a simple motif an entire array of photosynthetic light-harvesting complexes, photoprotection mechanisms, antennae, and energy transfer apparatuses. However, because of the couplings on the order of k B T and the energetic disorder, the fast dephasing times of electronic spectra, and the large number of chromophores involved, many of these spectroscopic coupling signatures, which appear as off-diagonal peaks in 2D electronic spectra, are obscured by broad diagonal features. In this work, we develop a cross-peak-specific 2D electronic spectroscopy to eliminate the main diagonal features and highlight underlying cross-peaks. The theory behind our approach using polarization has been developed in the 2D infrared (IR) community (7, 8) but never applied to the electronic spectral region because of the stringent phase stability requirements for short wavelengths.
We employ a linear polarization rotation sequence [/3 (pulse 1), Ϫ/3 (pulse 2), 0 (pulse 3), 0 (local oscillator)] to eliminate the strongest features on the main diagonal of the 2D spectrum (7, 8) . Applying this technique to the Fenna-Matthews-Olson complex (FMO) isolated from Pelodictyon phaeum, we observe the complex spectral structure in the off-diagonal peaks otherwise obscured by the main diagonal features. In vivo, the FMO complex forms a trimer and acts as an ''excitonic wire'' conducting energy from the light-harvesting chlorosome to the reaction center, and the spectral structure we observe arises from seven embedded BChls, which are coupled and mix to form excitonic states (4, 5) . The spectral separation between excitons of P. phaeum FMO is less than those of the previously studied Chlorobium tepidum FMO making resolution of individual excitons and associated cross-peaks more difficult. The cross-peakspecific technique not only allows clear observation of the cross-peaks, but also causes some response pathways to appear in the spectrum with opposite sign (7) . From these data, we can assign and characterize cross-peaks to specific nonlinear response pathways based on sign changes and comparison with theoretical models. Different response pathways involve a variety of physical mechanisms including dephasing of excited-state coherences, population relaxation, and interactions with the two exciton manifold. Understanding which response pathways provide the dominant contribution to a cross-peak provides detailed information about the physical mechanism responsible for the coupling and associated energy relaxation.
Experimental Results
2D electronic spectra of FMO from P. phaeum measured with conventional 2D electronic spectroscopy (all-parallel polarizations) and cross-peak-specific 2D electronic spectroscopy (/3, Ϫ/3, 0, 0 polarizations) are shown in Fig. 1 , respectively. The spectra, corresponding to the real part of the signal electric field, were obtained at 77 K for population times T ϭ 0, 200, and 400 fs. The all-parallel spectra show some similarity to the 2D spectra of FMO from C. tepidum, published previously (4, 5) , with the dominant feature being a wide positive peak along the diagonal composed of several exciton states with linewidths larger than the spacing between them. Some population relaxation occurs within 400 fs, evidenced by a spreading of the main peak outward below the diagonal. In the all-parallel T ϭ 0 correlation spectrum, the lowest exciton state is weakly visible on the diagonal at 824 nm. Distinct cross-peaks are not discernible, but excitedstate absorption appearing in the all-parallel spectrum as negative (dark) features is asymmetric, being more pronounced above the diagonal. In a previous experimental and theoretical 2D investigation of bacterial Light-Harvesting Complex 3, this
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The cross-peak-specific spectra in Fig. 1 feature several discrete peaks and appear completely distinct from the conventional 2D electronic spectra. In particular, the large-amplitude peaks along the diagonal resulting from initially populated exciton states are absent, as predicted from the polarizationdependent orientational factors for the corresponding response functions. As a result, the signal for the T ϭ 0 cross-peak-specific spectrum is weaker than at later times or for the all-parallel case (in Fig. 1 each spectrum is normalized to its absolute maximum), but it is apparent that the pronounced negative peak is substantially inhomogeneously broadened (elongated on the diagonal) at T ϭ 0 compared with the later times. Between 200 and 400 fs, relaxation appears in Fig. 1 as increased amplitude and spreading of the negative peak below the diagonal, corresponding to the dynamics visible in the all-parallel spectrum. The pathways that give rise to this spreading negative peak in the cross-peakspecific spectroscopy appear as positive features in conventional 2D spectroscopy, and the lower right edge of these negative features shows the same dynamics as the lower right edge of the off-diagonal features in the conventional 2D electronic spectrum. The slope of the nodal line between the strong, adjacent positive and negative peaks in the cross-peak-specific spectra decreases as a result of a loss of memory of initial transition frequencies because of solvent-induced fluctuations (9) . An additional small, positive cross-peak near (coherence wavelength 815 nm, rephasing wavelength 820 nm) is visible in the polarized spectrum but not in the all-parallel spectrum. The emergence of these hidden features in the cross-peak-specific spectra demonstrates its utility in revealing spectral structure and extracting dynamical timescales in electronically coupled systems.
Discussion
2D spectroscopy probes the third-order optical polarization, which can be represented as a convolution of the third-order material response function, R (3) , with the electric fields of the three laser excitation pulses. The response function formalism for interpretation of nonlinear spectroscopic signals has been developed by Mukamel (10) and has been presented for interpretation of 2D electronic spectra (5, (11) (12) (13) . This framework for understanding the physical mechanisms giving rise to 2D signals forms the basis for our theoretical simulations of 2D spectra presented below. More rigorously, within the impulsive limit (infinitely short excitation pulses) for the third-order signal measured in the phase-matched direction, only three rephasing terms of the total resonant third-order response function survive. Using the standard labeling scheme (10), these response functions are R 2 , R 3 , and R* 1 . These three terms can be further divided into eight contributions corresponding to eight types of Liouville pathways that are most important for interpretation of the signal, represented pictorially by Feynman diagrams in Fig.  2 . The total response function, to which the measured signal is proportional, is given as R S ϭ R 2 ϩ R 3 Ϫ R* 1 , so the pattern in the 2D spectrum results from interference of multiple energy level pathways. Of the three terms, only R* 1 involves excitation to a two-exciton state, and therefore it is this term that gives rise to excited-state absorption. Both R 2 and R 3 describe the fields interacting only with states in the one-exciton manifold, but R 3 describes response of the system when in the ground state during the population time and therefore is not affected by any population relaxation.
The vast amount of information contained in 2D spectra can be overwhelming, even after comparison with detailed simulations. In an oversimplified, but still useful, interpretation of the 2D spectra presented here, the coherence wavelength can be thought of as an ''absorption wavelength,'' whereas the rephasing wavelength can be considered an ''emission wavelength.'' In this framework, energy transfer or coupling would appear as an off-diagonal peak, and it is these peaks that make 2D spectroscopy so powerful. In Fig. 3 , we interpret a spectrum in this manner and demonstrate the amount of additional information offered by the cross-peak-specific method in dissecting the off-diagonal features of the 2D spectrum. In this figure, we invert the coloration of the cross-peak-specific spectrum; this inversion enables direct visual comparison of the major pathways. The notation used to label the eight pathways is adapted from Cho and Fleming (14) . The upper indices denote interaction of the field nominally with a single one-exciton state (for example, R 2 (ii) or R* 1 (ii) where the asterisk implies a complex conjugate), two different one-exciton states [R 3 (ij) ], or population transfer (denoted by a tilde) between one-exciton states [R 2 (ii,jj) ]. The diagrams shown are representative of the types of interactions in FMO, where the 7 BChl sites of the monomer give rise to 7 one-exciton states and 21 two-exciton states. Rephasing pathways involving coherence transfer may also contribute to the signal, and recent work on FMO from C. tepidum suggests that it could play an important role in these types of complexes (15) ; however, in this work, the secular approximation to the Redfield superoperator is adopted, and only the eight types of pathways in Fig. 2 were considered in simulations.
The dependence of response functions on the linear polarizations of the laser pulses and relative orientations of transition dipoles is described by an orientational factor, as discussed for The evolution of the 2D electronic spectrum of P. phaeum FMO is shown. In the conventional 2D spectra (Left), the emergence of cross-peaks below the main diagonal is evidenced by the contour lines bowing away from the diagonal by 200 fs. In the cross-peak-specific spectra (Right), the emergence of the negative features below the main diagonal corresponds to the cross-peaks largely obscured in the conventional 2D spectra.
isotropic systems by Hochstrasser (8) . Polarization conditions for 2D IR spectra were further explored by Dreyer et al. (7) using the following equation for the orientational factors: where i, j, k, and l are polarizations in the laboratory frame, and ␣, ␤, ␥, and ␦ are dipole moments in the molecular frame . The orientational factors are given for the all-parallel and crosspeak-specific sequences in Fig. 2 Bottom; these factors correspond to each of the eight Liouville pathways, assuming the projection angle between one-exciton state transition dipoles is 90°. This figure includes information for excited-state absorption and relaxation pathways not shown by Dreyer et al. (7), and we have corrected two errors in their table. These factors provide a key for inferring structural information from 2D spectra in the form of projection angles between transition dipole moments, as demonstrated by several groups in the IR (16) (17) (18) . Additionally, the signs corresponding to the orientational factors for a given pathway allow us to assign spectral features, because in general pathways carry a certain sign regardless of the angle between coupled transitions (although R* 1 (ij) and coherence transfer pathways, which are not considered here, can be either positive or negative). According to the orientational factors, the only types of pathways giving rise to positive features under the (/3, Ϫ/3, 0, 0) polarization sequence are the R* 1 pathways and R 2 (ij) . Negative features result from R 3 (ij) and R 2 (ii, jj) (and possibly R* 1 (ij) , depending on the excitonic mixing angle between the states), and signals from the R 2
(ii) and R 3 (ii) pathways, which are responsible for the strong diagonal peaks in conventional 2D spectroscopy, are eliminated with this cross-peak-specific polarization technique.
The features apparent in the cross-peak-specific spectra of Fig.  1 can be analyzed in more detail. Because the weak signal at T ϭ 0 approaches the noise floor, we focus on the T ϭ 200 and 400 fs spectra. The strong positive feature above the diagonal corresponds to a negative region in the all-parallel spectrum, although it is much more difficult to discern there because of the large adjacent features, and because it is oppositely signed, it must result mainly from R* 1 (ii) pathways. The R* 1 (ii) pathway involves a coherence with a two-exciton state during the rephasing time and gives rise to an off-diagonal excited-state absorption feature. The two negative features in the cross-peakspecific spectra are more difficult to assign, although R 3
and R 2 (ii, jj) should each contribute more amplitude than R* 1
based on their orientational factors. R 3 (ij) results from sequential coherent excitation of exciton states and appears symmetrically on either side of the diagonal. This pathway is responsible for the cross-peaks because of coupling in 2D spectra, whereas R 2 (ii, jj) , because of population relaxation, appears mainly in the downhill direction below the diagonal (although the exciton spacings here are on the order of k B T) and appears stronger at later times. The predominant negative features in the cross-peak-specific spectra seem to possess both characteristics: the two peaks appear on either side of the diagonal, but there is a downward motion between 200 and 400 fs, suggesting that coherent couplings play a role in this region of the spectrum, but that at later times energy transfer dominates. The small positive feature just below the diagonal labeled R 2 (ij) in Fig. 2 is significant, because it appears in a region where no excited-state absorption was observed in the all-parallel spectrum. The location in the spectrum suggests that it arises from the cross-peak between excitons 1 and 2. In particular, both above and below the main diagonal, the expected location of the cross-peak between excitons 1 and 2 falls on a node between positive and negative features in Fig. 3 . Both of these features arise from the coupling between the excitons, and the node is due to interfering pathways with opposite sign: R 2 (ij) and R 3 (ij) . The R 2 (ij) pathway is unusual because it involves a coherence between one exciton states that evolves (and dephases) during the population time. That this signal persists until at least 400 fs implies a long lived coherence. In an investigation of the FMO complex from C. tepidum, a pronounced quantum beating signal was observed in exciton 1, and its relative distance from the other exciton states in the spectrum facilitated discernment of the beating signal (15) . The population time points taken here for the cross-peak-specific and all-parallel spectra of P. phaeum were not frequent enough to resolve beating, but as in C. tepidum, the combination of strong coupling between exciton 1 and other excitons and its relative separation in frequency gives rise to clear evidence of coupling, namely the visible positive R 2 (12) cross-peak in the cross-peak-specific spectrum. Moreover, the quantum beating investigation of C. tepidum revealed long lived coherences (Ͼ600 fs) between exciton 1 and the other excitons, suggesting that assignment to the R 2 (12) pathway is not unreasonable for the relatively long lived positive cross-peak.
Theoretical simulations of the 2D spectra were performed as described in Zigmantas et al. (6) . Briefly, a Frenkel exciton model Hamiltonian of FMO including one-and two-exciton states is built from site energies (corresponding to the BChl Qy transitions) of each of the seven chromophores and coupling energies between each site. The structure of FMO from P. phaeum has not yet been solved, so the 1.9-Å crystal structure from P. aestuarii (19) [which has a linear absorption spectrum more similar to our measured spectrum (Fig. 4) than that of C. tepidum], was used to assign relative orientations between the Q y transition dipole moments. The starting-point Hamiltonian was taken from Adolphs and Renger (20) . Interaction of the BChls with the protein environment was described by an inhomogeneous distribution of site energies and an energy gap correlation function assigned to each site to describe fluctuating transition energies. Explicit averaging over a static distribution of site energies was carried out, and analytic averaging over the orientations of the complexes in the sample with respect to the laser pulse polarizations was performed as in Dreyer et al. (7) . Relaxation rates between states were calculated by using modified-Redfield theory (21, 22) . As described by the response functions above, calculations were performed in the impulsive limit, and only rephasing Liouville pathways were considered. The finite bandwidth of the laser pulses was taken into account by weighting the 2D spectrum with a Gaussian pulse spectrum.
The measured and calculated linear absorption spectra of FMO from P. phaeum are presented in Fig. 4 . The measured and theoretical parallel and (/3, Ϫ/3, 0, 0) cross-peak-specific 2D real spectra at T ϭ 400 fs are also shown. Site and coupling energies of the input Hamiltonian were varied initially to fit the linear absorption spectrum and then adjusted considering the 2D spectra. After adjustment of Hamiltonian parameters, the linear spectrum and the theoretical parallel 2D spectrum match the corresponding experimental spectra quite well, suggesting that the model reproduces well the energy level spacings and dipole strengths of the system. However, the cross-peak-specific spectrum does not agree well with the theoretical prediction, despite some similarity of the major features. In particular, discrepancies in the lineshapes and relative peak amplitudes indicate a failure of the current dynamical model, which neglects coherence transfer processes, pulse overlap effects, relaxation between vibronic levels, and correlated motion at two or more sites in the Fig. 3 . The cross-peak-specific 2D (Left) and conventional 2D (Right) electronic spectra are shown. Both spectra are colored by using a nonlinear ArcSinh coloration to emphasize smaller features, and the cross-peak-specific coloration is inverted to facilitate direct visual comparison of the cross-peaks to those in the conventional 2D spectrum. Diagonal peaks (DP i) are shown with squares, and cross-peaks (CPij) are denoted with circles. The shape of the edge of the cross-peak regions agree between the spectra, but significant additional structure is visible in the cross-peak-specific spectrum. protein bath. The modeling results suggest that the cross-peakspecific 2D spectrum exhibits significant and new information not readily accessible from the linear and conventional 2D spectra and that, because of its inherent sensitivity to dynamical processes as evidenced by evolution of off-diagonal features, the technique may aid in the testing of more sophisticated quantum dynamical theories.
Conclusions
The dominance of main diagonal features arising from initially populated exciton states in a 2D spectrum often hinders extraction of useful information, especially in the visible regime where broad linewidths congest spectra. Using cross-peak-specific 2D spectroscopy, we observe off-diagonal cross-peaks in P. phaeum FMO that would otherwise be obscured by wings of main diagonal spectral features. The evolution of the cross-peaks in the cross-peak-specific spectroscopy matches the observable evolution in a standard 2D spectrum, indicating that our technique is properly eliminating the main diagonal features while preserving the coupling peaks. From our analysis of the 2D spectra of FMO from P. phaeum, we find that elimination of the diagonal features reveals the intermolecular interactions that govern energy transfer dynamics central to FMO's role in light-harvesting. In addition, dynamical timescales are more readily apparent in the polarized spectra, because signals arising from relaxation processes are enhanced and because less-congested spectra allow for improved resolution of peak-shapes. Furthermore, signs of orientational factors based on different Liouville pathways and their dependence on polarization conditions prove to be another tool for analysis of 2D spectra. Because different response pathways responsible for cross-peaks, specifically R 2 (ij) and R 3 (ij)
, appear with opposite sign within the cross-peak-specific spectra, we are able to characterize observed spectral features by pathway for direct comparison to numerical models. The use of additional polarization conditions for 2D electronic spectroscopy also could be explored. In particular, the (0, /2, Ϫ/4, /4) sequence as described by Dreyer et al. (7) could be especially useful, because it eliminates all response terms except for those arising from pathways where the system is in a coherence state during the ''population'' time. Evidence for coherence transfer has been observed in other FMO complexes (15) , and in experiments presented here, we see more confirming evidence for long lived coherence. Cross-peakspecific 2D spectroscopy offers vastly improved resolution of the cross-peak regions near the main diagonal features and will arbitrate between otherwise indistinguishable models for 2D and linear spectra.
Experimental Methods
The FMO protein P. phaeum was isolated essentially as described by Li et al. (23) for C. tepidum, with the modification that ion exchange was replaced by sucrose gradient centrifugation and gel filtration chromatography. The sample was dissolved in a buffer of 100 mM Tris⅐HCl (pH 8.0) by using 0.25% Anzergent 3-12 to improve solubility, then mixed 30:70 (vol/vol) with glycerol as a cryoprotectant, sealed in a 200-m quartz cell (Starna), and placed in a cryostat at 77 K. The OD of the sample at 805 nm was measured to be 0.10.
Ultrafast (43 fs) laser pulses centered at 807 nm (30 nm FWHM) were generated in a home-built titanium sapphire oscillator and regenerative amplifier (24) . The pulses were characterized by using Frequency Resolved Optical Gating, and the stability of the power was measured to be Ͻ0.50% for the duration of the experiment. This 3.4-kHz pulse train was coupled into our 2D electronic spectroscopy system. During the experiment, the energy on the sample from the three pump beams was 16 nJ, and the beams were focused to a 70-m beam waist within the sample.
The 2D ultrafast electronic spectroscopy apparatus has been described (1, 13) . In brief, the photon echo signal is generated by a series of three ultrafast laser pulses incident on the sample and heterodyne-detected by using spectral interferometry after mixing with a fourth local oscillator pulse. The signal detected in the phased-matched direction depends on the time between the first two pulses (the coherence time) during which a coherence evolves and on the time between the second two pulses T (the population time) during which a population state evolves. After some time t (the rephasing time), the photon echo is emitted and detected. Phase stability must be maintained throughout this measurement.
Implementing the cross-peak-specific 2D spectroscopy required that we rotate the polarization of some of the four pulses involved in the experiment, and the phase stability requirement dictated that we must accomplish this with minimal disruption to the inherent phase stability of the system (13). We insert true zero-order half-waveplates into each of the first two pulses' paths after the spherical mirror. By selecting only two pulses to modify, we maintained the highest degree of phase stability possible. We chose these specific pulses because the geometry of the apparatus leaves these beam paths most accessible and closest to the optical table. We rotated the polarization of the first pulse by /3 rad, whereas the second pulse's polarization was rotated by Ϫ/3 rad. The accuracy of the polarization rotation was verified to within 2°.
Timing in the experiment was verified by using a BBO doubling crystal. Because the first two interactions have different polarizations, phasing of the detected signal field is not possible by direct comparison to pump probe spectra. Instead, the phasing of the signal must be accomplished in a more complicated fashion. In particular, the phase of the observed signal depends on the phase of the third pulse relative to the local oscillator which can be directly and accurately measured with spectral interferometry, and the phase of the first two pulses relative to one another. This phase difference cannot be accurately measured with spectral interferometry because of the small delay between the pulses. Instead, we controlled the phase by precisely controlling the timing between the pulses. These pulses were phase-locked at the diffractive optic, and the physical pathlength to the sample was identical for both pulses reflecting only off the spherical mirror and flat mirrors. The fused silica wedges used for delay stages allowed precise compensation for differences in the thickness between the fused silica substrates backing the zero-order waveplates, and the waveplates themselves were by definition tightly controlled to permit precisely a half wave of retardation. Comparison with standard pump-probe phasing techniques indicates that phasing accuracy can be controlled to Ϸ5°.
